Introduction
In nanotechnology devices such as biomechanics devices, semiconductor packages, magnetic recording media, and optical disks, the interface adhesion between thin films made up of different materials has become more and more important. When the interface between different materials is not stable, adhesive fracture occurs at the interface. Therefore, using appropriate materials is one of the keys to preventing adhesive fracture. In semiconductor packages, for example, it is well known that the adhesion of electro-plated nickel-interconnection films to chromium underlayers is very good. However, it is very time-consuming to find such appropriate-material pairs by using an experimental trial-and-error approach. Recently molecular-dynamics techniques have been found to be effective in simulating physical properties of thin films. The author has therefore developed molecular-dynamics methods for determining the adhesion strength of metal/metal 1)~4) and resin/metal 5) interfaces. In the methods the adhesion strength is determined by calculating the adhesive fracture energy. The fracture energy is defined as the difference between the total potential energy of the materialconnected state and that of the material-separated state.
As far as the adhesion between different metals and the adhesion between metals and organic materials are concerned, the author has found that the adhesion strength can be predicted by using the fracture energy and that the adhesion can be increased by reducing the lattice mismatch. 1)~5) However, the method for predicting the adhesion strength with the fracture energy has not been applied to interfaces between ceramics and organic materials such as resins. So this paper describes the application of this method to interfaces between ceramics (SiO2, BN, Al2O3, Cr2O3, and TiO2) and a wholly aromatic polyester resin, which is almost the same as that used in Reference 5. The polyester resin is often used in semiconductor packages, and the adhesion of it to ceramics is very important because ceramic particles are often put into mold resins in the packages. In this study, by defining a lattice constant of the resin as the second-nearest-neighbor carbon-atom pair, 5) the author investigates the relationship between lattice mismatches and adhesion strength.
Analysis of Adhesion Strength 2. 1 Method for Calculating Adhesion Strength with Classical Molecular Dynamics Simulation
The adhesion strength is determined by calculating the adhesive fracture energy defined as the difference between the total potential energy of the material-connected state ( Fig. 1) and that of the material-separated state (Fig. 2) . Figures 1 and 2 show the models used for adhesion analysis of a resin/ceramic interface. Sixteen resin molecules, one of which is shown in Fig. 3 This paper describes a molecular-dynamics study on the relationship between lattice mismatch and adhesion strength of interfaces between organic materials and ceramics. Aromatic resins with benzene-ring (phenyl-ring) connected structures are used as examples of organic materials. A lattice constant of the aromatic resins is defined as the distance between the second-nearest-neighbor carbon atom pairs of a benzene ring (phenyl ring). The value of the lattice constant of a wholly aromatic polyester resin is about 0.24 nm. On the other hand, a lattice constant of ceramics is defined as the distance between the nearest neighbor atoms in the crystal plane connected with the resin. The lattice constants of the SiO2 (111) and TiO2 (111) planes are about 0.253 nm and 0.295 nm, respectively. The adhesion of aromatic polyester resin with the SiO2(111) plane is stronger than that with the TiO2 (111) plane because the lattice mismatch of the resin with the SiO2 (111) plane is smaller than that with the TiO2 (111) plane. Reducing the lattice mismatch is found to be effective in strengthening the adhesion. 
where mi, ri, and UT are the atomic mass, atomic position of the i-th atom, and total potential energy, respectively.
Before the equilibration is started, the atoms of the ceramic film are positioned at the bulk lattice points of their single-crystal phases. In this study the author used interfaces between the resin film and SiO2(111), BN (111), Al2O3(001), Cr2O3(001), and TiO2(111) planes. During the equilibration process, the total potential energy varies with time. The system is considered to reach equilibrium when the total potential energy converges. The equilibrium state is used as the material-connected state (Fig. 1 ).
The material-separated state ( Fig. 2 ) is obtained by equilibrating the system after eliminating the interatomic potentials between the resin and the ceramic films in the materialconnected state (Fig. 1 ). Adhesive fracture energy V is defined as the difference between the total potential energy of the material-connected state ( Fig. 1) and that of the material-separated state (Fig. 2) .
By setting the temperature at 300 K, the author calculated the adhesive fracture energies V of the interfaces between the wholly aromatic polyester resin and the ceramics.
The position of each atom calculated from the molecular dynamics technique depends on initial conditions such as velocity distributions. However, the author verified that the atomic-configuration profile and the calculated adhesive fracture energy did not strongly depend on the initial conditions.
2 Method for Calculating Adhesion Strength with Density Functional Theory
The author also carried out a density functional theory (DFT) simulation with the generalized gradient approximation (GGA) 7) to determine the adhesive fracture ener- films were known to be thermally stable and because these textured films were used in molecular-calculation models (section 2.1).
4 Results on Adhesion Strength at Room Temperature
The adhesive fracture energy V at 300 K obtained and this order is the same as that in Fig. 5 .
Summary
The author has developed a molecular-dynamics method for determining the adhesion strength between different materials by defining the adhesive fracture energy as the difference between the total potential energy of the materialconnected state and that of the material-separated state.
This technique was used to determine the adhesion strength at interfaces between a wholly aromatic polyester resin, which is often used in semiconductor packages, and ceramics (SiO2 , BN, Al2O3 , Cr2O3 , and TiO2). The following results were obtained. 
